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The Drosophila mushroom bodies (MBs), paired brain structures composed of vertical and medial lobes, achieve their final organization
at metamorphosis. The alpha lobe absent (ala) mutant randomly lacks either the vertical lobes or two of the median lobes. We characterize
the ala axonal phenotype at the single-cell level, and show that the ala mutation affects Drosophila ethanolamine (Etn) kinase activity and
induces Etn accumulation. Etn kinase is overexpressed in almost all cancer cells. We demonstrate that this enzymatic activity is required in
MB neuroblasts to allow a rapid rate of cell division at metamorphosis, linking Etn kinase activity with mitotic progression. Tight control of
the pace of neuroblast division is therefore crucial for completion of the developmental program in the adult brain.
D 2005 Elsevier Inc. All rights reserved.
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In all species, organogenesis entails a precisely regulated
temporal and spatial pattern of cell proliferation. In this
respect, the question of how a neural progenitor cell can
generate different types of neurons and glia is an out-
standing problem in developmental biology. Two sets of
determinative factors, external cues and internal cell-
autonomous responses, interplay to define cell fate. Thus,
the position and time of birth of a neuron in the central
nervous system allows it to receive specific and transient
signals from surrounding cells (Edlund and Jessell, 1999).
The mushroom bodies (MBs) are insect brain structures
highly relevant to this issue, as their highly specialized
organization is elaborated in several discrete developmental
steps.0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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into the calyx, where they receive input from the
antennal lobes. Their axons extend anteriorly and vent-
rally into the peduncle and terminate in one of several
groups of lobes that are composed of several classes of
neurons (Strausfeld et al., 2003). Three of these, g, aV/hV,
and a/h neurons, have been particularly well studied
(Crittenden et al., 1998; Lee et al., 1999). The MBs
receive multimodal sensory information and have been
implicated in higher-order brain functions, including
olfactory learning and short-term memory (de Belle and
Heisenberg, 1994; Heisenberg, 1998; Roman and Davis,
2001), olfactory long-term memory (Isabel et al., 2004;
Pascual and Preat, 2001), courtship behavior (Ferveur et
al., 1995; McBride et al., 1999; O’Dell et al., 1995), and
elementary cognitive functions, such as visual context
generalization (Liu et al., 1999). The individual MB lobes
are functionally specialized. In particular, specific lobes
have been implicated in short-term memory (Zars et al.,
2000), while the vertical MB lobes play a role in long-
term memory (Isabel et al., 2004; Pascual and Preat,
2001). How this neural diversity is generated during
development remains poorly understood.280 (2005) 177–186
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progenitor cells are among the first to delaminate from the
procephalic embryonic ectoderm, and they begin to pro-
liferate from embryonic stage 9 onward (Noveen et al.,
2000). During embryogenesis, the four MB Nbs give rise to
between 100 and 300 g neurons (Armstrong et al., 1998; Ito
and Hotta, 1992; Technau and Heisenberg, 1982), whose
axons branch to form a medial and a dorsal lobe (Armstrong
et al., 1998). Most other embryonic Nbs stop dividing
transiently in the late embryo. However, MB Nbs continue
proliferating through the postembryogenic stages, and they
are actively dividing at the time of larval hatching (Prokop
and Technau, 1991; Truman and Bate, 1988). About 12 h
after hatching, some scattered Nbs in the central brain
resume division. Neurogenesis proceeds at an accelerating
rate in the central brain through the remainder of larval life
and puparium formation. Nb proliferation ceases about 20 to
30 h after puparium formation (APF) (White and Kankel,
1978) except for the MB Nbs, which continue to divide
almost until the end of metamorphosis. Thus, MB Nbs are
distinctive in that they divide continuously throughout
development (Ito and Hotta, 1992; Prokop and Technau,
1994; Truman and Bate, 1988).
During metamorphosis, many larva-specific neurons are
definitively removed by programmed cell death, while most
of the remaining cells withdraw larva-specific projections
and extend new processes. Some immature neurons differ-
entiate during metamorphosis to produce adult-specific
networks (reviewed by Truman, 1990). Clonal analysis
(Lee et al., 1999) has demonstrated that all MB neurons
generated from the time of larval hatching until the mid
third-instar larval stage give rise to branched g neurons. In
mid third-instar larvae, the progeny of the MB Nbs undergo
a sharp change in cell fate and start to generate branched
aV/hV neurons. The larval projections of these neurons
remain relatively unchanged during metamorphosis. In
contrast, g projections undergo pruning by glial cells at
metamorphosis to give rise to adult g lobes that project only
medially (Awasaki and Ito, 2004; Lee et al., 1999). Finally,
all MB neurons born after puparium formation are a/h
neurons.
With the aim of identifying genes involved in brain
metamorphosis, we screened enhancer trap lines displaying
specific patterns of expression in the central brain at the
third-instar larval stage (Boquet et al., 2000a,b). This work
led to the recovery of six mutants showing central brain
defects in the adult. One of these, alpha lobes absent (ala)
presents a peculiar MB phenotype. ala MBs completely
lack aV and a or hV and h lobes in a random pattern (Pascual
and Preat, 2001). In contrast, g lobes appear normal. This
phenotype proved useful in ascribing to dorsal MB lobes a
role in Drosophila long-term memory (Isabel et al., 2004;
Pascual and Preat, 2001).
Here, we show that ala corresponds to easily shocked
(eas), a previously described gene that encodes ethanol-
amine (Etn) kinase, the first enzyme of the Kennedypathway (Pavlidis et al., 1994). We show that eas mutants
display a brain phenotype similar to that of ala mutants. We
also report that Etn kinase is expressed in MB Nbs, where it
controls the rapid mitoses that occur just before and during
metamorphosis.Materials and methods
Drosophila stocks
Drosophila were maintained on a 12:12 dark/light cycle
on standard cornmeal-yeast agar medium at 258C and
50% relative humidity. The wild-type strain was Canton-
Special (CS). The Df(1)4b18 (spanning14B08; 14C01),
UAS-mCD8DGFP (Lee et al., 1999), hs-FLP, w1118; Adv1/
CyO and FRT19A; ry506 lines were all provided by the
Bloomington stock center. The w, eas2, f and hs-eas+ stocks
were obtained from the collection of Mark A. Tanouye
(University of California, Berkeley). The FRTG13, UAS-
mCD8DGFP; Gal4-OK107 and FRT19A, tubP-Gal80, hs-
FLP; UAS-mCD8DGFP; Gal4-OK107 stocks were pro-
vided by Liqun Luo (Stanford University, Stanford). The
w1118, easalaP allele was induced by P(GawB) mutagenesis
(Boquet et al., 2000b), and the w1118, easalaE13 allele, which
behaves as a strong hypomorphic allele (Boquet et al.,
2000b), was obtained by excision of the P element from
easalaP flies. All eas chromosomes carry the w1118 mutation,
although not explicitly stated within the text. For MARCM
analysis, easalaE13, FRT19A and easalaE13, hs-FLP; FRTG13,
tubP-Gal80 stocks were generated.
MARCM analysis of eas MB neurons
To generate MB clones in eas pupae using the MARCM
system, white puparia of the appropriate genotypes (see table
legends) were collected, heat shocked at 378C for 30 min and
returned to 258C. Adults were processed for paraffin
inclusion and sectioned. Clones were detected by immunos-
taining with an anti-GFP antibody (1:500; Roche, Germany).
To detect two-cell/single-cell MB clones in eas flies,
white puparia of the appropriate genotypes (control
clones: hs-FLP/Y; FRTG13, tubP-Gal80/FRTG13, UAS-
mCD8DGFP; Gal4-OK107/+; eas clones: easalaE13, hs-
FLP/Y; FRTG13, tubP-Gal80/FRTG13, UAS-mCD8: GFP;
Gal4-OK107/+) were collected and heat shocked once at
378C for 30 min at different time points during the first 48 h
of the pupal stage. Adult brains were dissected and
processed as described (Pascual and Preat, 2001).
To generate eas homozygous clones in an eas/+ back-
ground easalaE13, FRT19A females were mated to FRT19A,
tubP-Gal80, hs-FLP; UAS-mCD8DGFP; Gal4-OK107
males. The progeny were heat shocked once at 378C for
30 min at different time points during the overall course of
development (first-, second-, and third-instar larval and 48-h
pupal stages). Offspring females were processed for paraffin
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nostaining with the anti-GFP antibody.
Molecular biology
Genomic DNA adjacent to the P-element insertion was
isolated by plasmid rescue. DNA was isolated from easalaP
flies, digested by EcoRI, ligated at dilute concentration (20
ng/Al) and transformed into E. coli DH5a. Clones obtained
were checked by EcoRI restriction, and positive clones were
sequenced.
The eas ORF was excised from the plasmid cDNA12
(Pavlidis et al., 1994) by restriction with DraI and cloned
into the SmaI site of the expression vector pGex-6P-3
(Amersham Biosciences, Sweden).
The plasmid pUAS-eas+ was generated by cloning a
XbaI-KpnI restriction fragment from cDNA12 into the
vector pUAS-T. This construct was injected into w1118 flies
and two independent insertions were recovered.
Protein purification, antibody production, and Western blot
analysis
GST-Eas protein was expressed from the vector
pGEX-6P-3 in E. coli BL21 and purified as specified
by the manufacturer. Recombinant Eas was separated
from GST by digestion with PreScission Protease (Amer-
sham Biosciences, Sweden). The mature Eas protein has
17 additional amino acids. Protein concentration was
determined with the Bio-Rad protein assay kit (Bio-Rad,
USA).
To generate antibodies, 250 Ag Eas protein mixed with
Freund’s adjuvant was injected dorsally per rabbit every
month for 3 months.
Total proteins were isolated from homogenized frozen
third-instar larvae as specified by Promega (USA). Fifty
micrograms of protein extracts were loaded per lane, and
Western blot analysis was performed according to
Sambrook et al. (1989). Polyclonal antibodies against
the Eas protein from a single rabbit were used at 1:2000
dilution.
Determination of the Etn content of Drosophila larvae
Fifty third-instar larvae were collected, washed in
water and resuspended in 2 ml distilled water. The
animals were ground with a plastic pestle and sonicated
to give a uniform suspension. Aliquots of the cell sus-
pension were taken for protein content analysis. Etn was
extracted, derivatized, and separated by HPLC as
described by Lipton et al. (1990).
Analysis of MB phenotypes
CS or eas2 females were mated to UAS-mCD8DGFP;
Gal4-OK107 males. The brains of offspring males weredissected and GFP expression was analyzed as described
(Pascual and Preat, 2001).
Larval and pupal 7 Am serial frontal sections were stained
with anti-FasII ID4 monoclonal antibody (1:10) or anti-DCO
polyclonal antibody (1:1000). Signals were detected using
the Vectastain ABC Elite kit (Vector Lab, USA). Expression
was monitored under a Leica microscope (Leica Micro-
system, Germany).
Eas expression in MBs
CS and UAS-mCD8DGFP/+; Gal4-OK107/+ third-
instar larvae, 24-h pupae and adults were included on
paraffin and sectioned according to Heisenberg and Bfhl
(1979), except for larvae and pupae, for which the
inclusion was carried out without using standard collars.
Sections were stained as described by Hitier et al.
(2001). Anti-Eas antibody and anti-GFP monoclonal anti-
body (Roche, Germany) were used at 1:500 dilution.
Fluorescent secondary antibodies were Alexa-488 anti
mouse and Alexa-594 anti rabbit (Molecular Probes, USA).
Expression was analyzed under a Leica fluorescence
microscope.
BrdU incorporation
After dissection, 48-h pupa brains were incubated for
varying times in Schneider medium complemented with
BrdU at a final concentration of 150 ng/ml. Incorporation
was stopped by fixation in Carnoy solution for 30 min.
After rehydration, brains were incubated for 30 min in 2
N HCl to denature DNA. BrdU was detected in toto with
a monoclonal specific antibody (1:250 dilution, Harlan
Sera Lab, UK) and revealed with the Vectastain ABC
Elite kit (Vector Lab, USA).
Calyx measurements
CS, easalaP, w1118 or eas2 adult brain frontal sections
were prepared and the calyx surface was measured with the
Pegasus program (2i System, France). Genotypes to be
compared were prepared in the same collars.
Rescue of the eas MB defect
easalaE13/Y; hs-eas+/+ flies were heat shocked in a 378C
water bath for 30 min and returned to 258C. The heat shock
was initiated at different developmental stages and per-
formed once per day until imago eclosion. Adult flies were
processed for paraffin inclusion and sectioned.
eas alaE13 /Y; UAS-eas+1/+; Gal4-OK107/+ and
easalaE13/Y; UAS-eas+2/+; Gal4-OK107/+ individuals were
collected after adult eclosion. Controls were easalaE13/Y;
UAS-eas+1/+ and easalaE13/Y; UAS-eas+2/+ individuals.
For all flies, MB integrity was checked with the anti-FasII
antibody as described above.
Fig. 1. The easalaP insertion affects the Eas Etn kinase. (A) The eas
genomic region. The P-element insertion was mapped by plasmid rescue of
flanking genomic DNA. Arrows represent transcription units in the region.
The genomic organization of two eas cDNAs is shown schematically on the
expanded portion of the map. Roman numbers designate exons. The gray
boxes within the cDNAs represent coding sequences and the black boxes
non coding sequences (Pavlidis, 1994). The open arrow shows the P
insertion at the nucleotide level. (B) Phospholipid biosynthetic pathways
(Kennedy pathways). Production of PE by PS decarboxylation is also
shown. 1V, Cho kinase; 2, CTP:PEtn cytidylyltransferase; 2V, CTP:PCho
cytidylyltransferase; 3, CDP-Etn:1,2-diacylglycerol Etn phosphotransfe-
rase; 3V, CDP-Cho:1,2-diacylglycerol Cho phosphotransferase; 4, PE N-
methyltransferase; 5, PS decarboxylase. (C) Eas expression. Western blot
analysis of total protein extracted from third-instar larvae. The band
observed around 55 kDa corresponds to the predicted Eas molecular weight
and is decreased in easala extracts and absent from eas2 extracts. The
arrowhead shows a non-specific antibody cross-reacting protein. The
molecular masses of protein markers are in kDa. The double band observed
for the easalaE13 allele is probably due to slight protein degradation during
the extraction process. (D) Etn quantification. Etn was extracted from third-
instar larvae and quantified by HPLC. Errors bars indicate standard errors
(n = 7. P b 0.0075, Student’s t test).
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The P-element insertion in the alaP mutant affects the Eas
ethanolamine kinase and induces Etn accumulation
To identify the gene responsible for the ala brain
phenotype, genomic DNA from the ala locus was recovered
by plasmid rescue, sequenced, and compared to sequences in
the Drosophila database. The P-element lies at nucleotide 38
of the previously described easily shocked gene (Pavlidis et
al., 1994) (Fig. 1A). This gene encodes two isoforms of the
Drosophila Etn kinase, which catalyzes the first step of the
synthesis of phosphatidylethanolamine (PE) via the Ken-
nedy pathway (Kennedy, 1957) (Fig. 1B). The P insertion
lies in a DNA region corresponding to an exon region that is
shared by the two known eas mRNAs (Fig. 1A).
Polyclonal antibodies were raised against the Eas protein.
Western blot analysis of larval protein extracts from strains
carrying the easalaP and easalaE13 alleles (Boquet et al.,
2000b) or an EMS-induced allele (eas2) (Pavlidis et al.,
1994) revealed reduced levels of Eas protein in comparison
with extracts from wild-type strains (Fig. 1C). The amount
of Eas protein detected on Western blots inversely correlates
with the severity of brain phenotype (see below).
The eas mutant was first isolated as a bbang-sensitiveQ
paralytic strain (Benzer, 1971; Ganetzky and Wu, 1982). We
observed this defect in eas2 animals but neither the easalaP
nor the easalaE13 mutant displays this phenotype, as
homozygotes or as heterozygotes with the eas2 allele or
the Df(1)4b18 deficiency, which uncovers the eas region
(Boquet et al., 2000b). This result confirms that the easalaP
and easalaE13 mutations are hypomorphic.
A previous work had shown a slightly altered PE/
phosphatidylcholine (PC) ratio in eas flies (Pavlidis et al.,
1994). Moreover, expression of the Drosophila Etn kinase
in NIH 3T3 fibroblasts generates a significant increase in
phosphorylethanolamine (PEtn) synthesis but only a modest
increase in the level of PE (Kiss et al., 1997). We wondered
whether the lack of Etn kinase activity correlated with an
accumulation of Etn. Indeed, high levels of Etn are detected
in eas2 larvae (Fig. 1D), suggesting that the primary
biochemical defect of the mutant is related to the accumu-
lation of Etn (or to the lack of PEtn) rather than to an
indirect effect on phospholipid composition.
Amorphic eas2 flies show strong MB lobe defects
easalaP and easalaE13 flies present a MB brain defect
(Boquet et al., 2000b; Pascual and Preat, 2001). 10.5% of
easalaP individuals possess all five lobes of each MB in both
hemispheres, 36% lack hV and h lobes in both hemispheres,
and 4.5% lack aV and a vertical lobes in both hemispheres.
The remaining flies show different lobe configurations in
the left and right hemispheres. Brain analysis of eas2 flies
revealed that they have a similar phenotype but with a
stronger penetrance (Fig. 2), since fewer than 1% of eas2individuals possess all five lobes in both hemispheres,
29.6% lack the hV and h lobes in both hemispheres, and
14.8% lack the aV and a vertical lobes in both hemispheres
Fig. 2. The eas MB phenotype. (A) Composite confocal images of an adult
wild-type MB. Expression of the UAS-mCD8::GFP transgene driven by the
P insertion Gal4-OK107 allows visualization of the MB lobes. Three sets of
neurons generate five axonal lobes. The g lobe is outlined in blue, the aV
and hV lobes, which are formed by branched axons, are outlined in yellow,
and the a and h lobes are outlined in red. The color code is conserved in
(B–D). The median bundle is also revealed with Gal4-OK107. Scale bar, 40
Am. (B) An eas2 MB lacking the h and hV lobes. (C) An eas2 MB lacking
the a and aV lobes. (D) An eas2 MB lacking the a and h lobes is revealed in
an adult frontal brain section by anti-FasII staining. (E and F) FasII
immunostaining of the larval brain reveals the g lobe. (E) A wild-type
second-instar larval MB. The characteristic dorsal and medial projections of
the g neurons are shown. (F) An eas2 second-instar larval MB. g neurons
are present in normal dorsal and medial lobes. (E and F) Superposition of
three consecutive pictures.
A. Pascual et al. / Developmental Biology 280 (2005) 177–186 181(n = 54). In some cases (5.5%), aV/hV and a/h fibers do not
exit the peduncle at the branching point and continue to
grow until they reach the antennal lobes (Fig. 2D). We
consider eas2 as an amorphous allele given (i) the molecularnature of the mutation, which creates a premature stop
codon (Pavlidis et al., 1994); (ii) the absence of protein, as
revealed by Western blot analysis (Fig. 1C); and (iii) the
extreme severity of the brain phenotype (Fig. 2).
g neurons appear to be normal in eas2 adults (Figs. 2A–
D). This observation is reinforced by the observation that
second-instar larval eas2 mutants possess vertical and
medial g projections indistinguishable from those of wild-
type MB g neurons (Figs. 2E, F).
Clonal analysis of the eas MB defect
To determine whether the absence of vertical or median
lobes in mutants is linked to a failure of axonal branching by
aV/hV and a/h neurons or to the misprojection of both
branches to the same lobe, MB-GFP clones were generated
in easalaE13 flies using the MARCM system to allow the
trajectories of individual axons to be followed (Lee and Luo,
1999). Confocal analysis of small MB clones generated
during the first 48 h APF revealed two different morphol-
ogies for aV/hV and a/h neurons (Fig. 3). About 50% of eas
MB clones do not divide when invading the dorsal (aV or a)
or medial (hV or h) lobes (Figs. 3B, D), while in the
remaining clones axons branch and project into the same
lobe (Figs. 3C, E). The observation that both branched and
unbranched aV/hV and a/h axons are found in eas mutants
displaying an identical missing-lobes phenotype suggested
that the failure to branch is not the primary cellular defect of
eas MBs.
To directly determine the effect of the eas mutation
on MB cells, clones homozygous for the easalaE13
mutation were generated in an easalaE13/+ background
with the MARCM system. This experiment was per-
formed at various developmental stages (see Materials
and methods), and the Gal4-OK107 enhancer-trap line
was used to specifically follow MB clones. No MB
axonal guidance defects were found for any clone (n =
156), either large clones affecting the entire progeny of a
single Nb (n = 21) or small clones (n = 135). This
result suggested that Eas is not required in the MBs
themselves or that abnormal MB fibers can follow a
correct pathway as long as some normal eas/+ neurons
are correctly positioned within the same MB. To
distinguish between these two possibilities, we expressed
eas+ in differentiating MBs of easalaE13 animals using the
UAS-eas+ transgene driven by the Gal4-OK107 insertion.
The expression of the eas+ gene allowed almost complete
rescue of the eas brain phenotype (89% wild-type brains in
easalaE13/Y; UAS-eas+1/+; Gal4-OK107/+, n = 27, versus
0% in easalaE13/Y; UAS-eas+1/TM3, n = 15, and 83% wild-
type brains in easalaE13/Y; UAS-eas+2/+; Gal4-OK107/+,
n = 18, versus 4% in easalaE13/Y; UAS-eas+2/+, n = 24).
This result confirms that eas is autonomously required for
the proper development of differentiating cells in MBs.
Thus, these data rule out the possibility that the eas
mutation affects signals external to the MBs.
Fig. 3. Adult axonal morphology in ala MBs. Small MB-GFP clones were generated in ala white puparia. A composite confocal image of isolated adult MB
neurons shows their characteristic morphologies at the two-cell/single-cell levels. Discontinuous lines indicate the positions of the MB lobes; arrowheads point
to cell bodies. (A) A wild-type aV/hV neuron with normal axonal guidance and branching. Scale bar, 40 Am. (B–E) Two-cell/single-cell MB-GFP clones in the
ala background. (B and D) The morphology of some ala aV/hV and a/h neurons reveals that they do not branch. (C and E) Some ala aV/hV and a/h neurons
branch normally but are misdirected. Arrows point to individual axonal branches. Note two cell bodies (arrowheads) and four branches in (E).
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Analysis of the third-instar larval brain allowed identi-
fication of several regions with strong Eas expression, such
as Nb proliferating centers in the optic lobes (data not
shown). In MBs, Eas expression is restricted to Nbs and to
the first layers of the post-mitotic cells surrounding them
(Fig. 4). The protein is detected mainly in newly differ-
entiated MB neurons. Throughout MB development, a
central core of actin-rich thin fibers is visible (Kurusu et
al., 2002; Technau and Heisenberg, 1982), which is first
constituted of g axons that arise during embryonic and
larval stages (Kurusu et al., 2002; Verkhusha et al., 2001).
These new axons extend into the inner layer of the central
core and are shifted to surrounding layers as they differ-
entiate (Kurusu et al., 2002). The time of appearance of Eas-
positive neurons at the end of the third larval instar indicates
that newly born aV/hV neurons also send projections into the
MB core (Fig. 4D). Expression of Eas in Nbs is still
detectable at 24 h APF, suggesting that young a/h neurons
also express the enzyme (Fig. 4E).
Using the P(Gal4) insertion (easalaP) to drive a P(UAS-
mCD8DGFP) reporter, we also detected an expression
profile similar to that obtained with the Eas antibody (data
not shown). No Eas expression was detected in MB
neuroblasts of first-instar larvae (data not shown). As
expected, Eas protein was not detected in the eas2 larval
brain.The rate of Nb divisions is reduced in the eas MB
Previous studies showed that overexpression of the
Drosophila eas gene in human fibroblasts promotes
mitosis and allows survival in cell culture (Kiss et al.,
1997; Malewicz et al., 1998). Taken together with the
expression of Eas in MB Nbs, this observation prompted
us to analyze Nb cell division during eas development.
Since MB Nbs are the only Nbs observed to continue
dividing 48 h APF (Ito and Hotta, 1992), they can be
readily studied using the BrdU incorporation technique
(Gratzner, 1982). Examination of MB cell clusters after
1 h of BrdU incorporation clearly showed reduced
numbers of BrdU-positive eas2 clusters, as compared to
wild-type pupae (Fig. 5), suggesting either that mitosis is
slowed in eas MB Nbs or that some Nbs die in the
mutant. To differentiate between these two hypotheses,
we used longer BrdU incorporation times. If MB Nbs
exhibited normal viability in the eas mutant, we predicted
an increase in the number of labeled MB cell clusters, as
expected for the wild type. In contrast, dead neuroblasts
cannot be labeled after longer BrdU exposure. Indeed, a
3-h incubation yielded an increase in the number of
labeled MB clusters in both mutant and wild-type strains,
indicating that Nbs are still alive in the eas mutant (Fig.
5). Again, a significant decrease in the number of BrdU-
positive clusters was observed in eas as compared to
wild-type pupae (Fig. 5). The number of labeled cells per
Fig. 4. The Eas protein is expressed by Nbs in the MB. (A) Schematic
representation of MB structure in third-instar larvae. Red, Eas expression in
Mbs; green, non-expressing MB cells. (B–D) Frontal paraffin sections of
the CS third-instar larval brain. Red, Eas immunoreactivity; green, Gal4-
OK107 as a MB marker. (B) Frontal sections at the level of MB Nbs
demonstrate the preferential expression of Eas at this stage. (C) Sections at
the Kenyon cell body level show Eas expression in neurons that are close to
MB Nbs. (D) Sections across the peduncle indicate that the axons of
newborn aV/hV neurons expressing Eas project inside the MB core. (E)
Frontal paraffin section of a CS 24-h pupa brain. Eas expression is
detectable in the MB Nb. Scale bar, 10 Am.
Fig. 5. Nbs in the MB of the eas mutant exhibit a delayed mitosis. (A–B) In
toto detection of 3 h of BrdU incorporation in 48-hr pupa brains. These
images result from the superposition of several consecutive pictures. (A) A
CS pupa. (B) An eas2 pupa. Note that the number of cells labeled per
cluster is lower in the eas2 mutant. (C) The numbers of cell clusters labeled
with BrdU differ significantly in control (w, dark gray) and eas2 (light gray)
brains (1 h: P b 0.01, n = 56 for w and 42 for eas2; 3 h: P b 0.0001, n = 37
for w and 39 for eas2; Student’s t test). An increase in the BrdU
incorporation time from 1 to 3 h leads to an increase in the number of
labeled clusters in wild-type (1 h: P b 0.01) and eas2 brains (1 h: P b 0.05).
(D) Measurements of adult calyx sections. a.u., arbitrary units. (n = 20 for
each genotype, +: w; dark gray and eas2 light gray). Bars represent means,
and errors are expressed as standard errors of the mean.
Table 1
Clonal analysis of an eas mutanta
Controlb easc
Clones (% MB) 92.4% 50%
P b 0.0001
(159/172) (82/164)
Large clones (% MB)d 82.5% 22%
P b 0.0001
(142/172) (36/164)
Small clones (% MB)e 9.9% 28%
P b 0.0001
(17/172) (46/164)
a GFP-MB clones generated in white puparium.
b hs-FLP/Y; FRTG13, tubP-GAL80/FRTG13, UAS-mCD8DGFP;; GAL4-
OK107/+.
c easalaE13, hs-FLP/Y; FRTG13, tubP-GAL80/FRTG13, UAS-mCD8DGFP;;
GAL4-OK107/+.
d Nb clones with more than two cells.
e Two-cell/single-cell clones.
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eas pupae, n = 60 clusters, versus 4.2 F 0.17 cells in
wild-type pupae, n = 65 clusters; P b 0.001, Student’s
t test) confirming that the rate of mitosis is affected in
the eas mutant.
To determine if the defect in eas Nbs mitosis seen in
MBs at the pupal stage has a global effect on MB
formation, we measured MB calyx size in adult brains
(de Belle and Heisenberg, 1994). Calyces in eas2 flies
are 30% smaller than those in wild-type flies (Fig. 5D).Thus, the reduced mitotic rate is not compensated for by
a prolonged phase of Nb division. Similar results were
obtained for the easalaP allele by following BrdU
A. Pascual et al. / Developmental Biology 280 (2005) 177–186184incorporation and by measuring calyx size (data not
shown).
We used MB-GFP clones generated in easalaE13 white
puparia to estimate the overall effect of the eas mutation on
mitotic activity (Table 1). Our reasoning was as follows: a
clone can be generated with the MARCM system if the
DNA is undergoing replication while the Flp recombinase
(Flipase) is present. For a clone to be visualized after a
mitotic recombination event, the cells must have divided at
least once (Lee and Luo, 1999). Thus, the mitotic activity of
Flipase-targeted cells can be estimated by measuring their
capacity to generate detectable clones. Interestingly, the
number of MB clones generated in the eas mutant is
severely decreased as compared to the wild type (Table 1).
We ascribe this effect to a general deceleration in the rate of
Nb mitosis in eas MBs. This interpretation is reinforced by
the observation of many more large clones (Nb clones with
more than two cells) in wild-type pupae than in eas mutants
and a corresponding increase in the number of small clones
(two-cell/single-cell clones) in eas pupae (Table 1). Thus, it
is likely that in some eas clones, which normally would
have generated a large number of progeny, the rate of
mitosis is dramatically reduced, thereby yielding a smaller
number of descendants.
Eas is required just before metamorphosis for proper MB
development
To determine when the Eas protein is required for MB
development, we heat shocked easalaE13/Y; hs-eas+/+
transgenic animals for various periods of time. Heat
induction of hs-eas+ animals for 30 min daily from the
embryonic stage until the adult stage allows complete rescue
of the eas MB axonal defect (Fig. 6). Expression of Eas
initiated at the first day of the third-instar larval stageFig. 6. The eas MB axonal defect is rescued by hs-eas+ expression.
easalaE13/Y; hs-eas+/+ animals were heat shocked once per day for 30 min at
378C from the indicated developmental stage until imago eclosion. (Time = 0,
n = 24; time = 3, n = 32; time = 4.5, n = 49; time = 6, n = 28; time = 7, n = 18;
time = 8, n = 15; and control, n = 34). NHL, newly hatched larvae; PF,
puparium formation. C (control): easalaE13/Y; hs-eas+/+ without heat shock
treatment.provides almost complete rescue, while induction from the
late third-instar larval stage leads to only partial rescue.
Later induction of Eas expression during development fails
to rescue the eas brain phenotype (Fig. 6). Taken together
with the observation that strong Eas expression is detected
in MBs during the later stages of larval life, these results
indicate that the requirement for Eas activity in axonal MB
development begins just before metamorphosis.Discussion
Here, we show that the previously described ala MB
mutations (Boquet et al., 2000b; Pascual and Preat, 2001)
affect the eas gene (Fig. 1). Conversely, the original eas2
allele (Pavlidis et al., 1994) confers a MB defect similar to
that found for easala flies (Fig. 2).
eas was originally isolated as a behavioral mutant that
belongs to a family of bang-sensitive paralytic mutants
(Benzer, 1971; Ganetzky and Wu, 1982). These flies
become paralyzed when vortexed for 10 s. A brief bang
causes a period of hyperactivity lasting 1–2 s (Ganetzky and
Wu, 1982). The eas bang sensitivity is thought to be due to
an excitability defect caused by altered membrane lipid
composition (Pavlidis et al., 1994). This behavioral pheno-
type is found only in eas2 flies, which bear a null allele. In
contrast, we show here that genetic combinations of the eas2
allele with the hypomorphic eas alleles do not lead to a
paralytic phenotype.
Both the anatomical brain phenotype and the paralytic
phenotype are rescued by the ectopic expression of eas+,
but for each phenotype expression is needed at different
times: developmental expression is required to rescue the
MB phenotype (Fig. 6), while transient adult expression
allows the behavioral phenotype to be rescued (Pavlidis et
al., 1994). Taken together, these results argue for distinct
roles of the Etn kinase during development and in adult flies
and exclude the hypothesis that the MB defect accounts for
the bang-sensitive phenotype.
Etn kinase catalyzes the first step of the synthesis of PE,
one of the three major membrane phospholipids, via the
Kennedy pathway (Kennedy, 1957) (Fig. 1B). This pathway
is one of several synthetic pathways for PE. The next
enzyme in the Kennedy pathway, a cytidyltransferase, is
thought to be the major regulator of PE synthesis
(Bladergroen and van Golde, 1997). Phospholipid analysis
of eas flies revealed a slight decrease in the PE/phospha-
tidylcholine (PC) ratio (Pavlidis et al., 1994), and a recent
study using a different phospholipid measurement technique
found a small decrease in the level of PE and phosphati-
dylserine (PS) (Nyako et al., 2001) (Fig. 1B). These results
clearly indicate that eas flies are not grossly impaired in PE
synthesis, and it seems likely that other pathways (e.g.,
decarboxylation of PS) are capable of providing most of the
PE in eas flies (Pavlidis et al., 1994). This is in agreement
with the results obtained for yeast eki1 mutants, which lack
A. Pascual et al. / Developmental Biology 280 (2005) 177–186 185Etn kinase activity but are not altered in overall phospho-
lipid composition (Kim et al., 1998). In addition, over-
expression of the Drosophila eas gene in NIH 3T3
fibroblasts leads to only a modest increase in the synthesis
of PE but a strong increase in PEtn formation (Kiss et al.,
1997). Our results show that Etn accumulates in eas larvae
(Fig. 1D). Thus, it is possible that eas developmental defects
are directly due to the accumulation of Etn or to the lack of
PEtn rather than to a lower rate of PE synthesis.
What is the original cellular defect in eas mutants? At
the developmental stage at which Etn accumulates in eas
mutants, we found that the Eas protein is strongly
expressed in wild-type MB Nbs (Fig. 4). In the absence
of Etn kinase activity, the rate of Nb mitosis in MBs is
reduced, as shown by a decrease in the incorporation of
BrdU by MB Nbs in eas pupae, and by the reduced
number of MARCM MB-GFP clones in eas flies (Fig. 5
and Table 1). We can rule out the hypothesis that
abnormal cell death occurs in eas mutants based on two
observations: first, we could generate MB clones in eas
flies at least until 48 h APF; second, an increase in the
BrdU incorporation time from 1 to 3 h leads to an
increase in the number of cell clusters labeled in wild-
type as well as in eas pupae (Fig. 5C).
The MB Nbs are, together with a lateral Nb, the only
Nbs that continue to proliferate after larval hatching
(Prokop and Technau, 1991; Truman and Bate, 1988).
Also, while other Nbs proliferate for about 10 h in
embryos and for about 100 h from the second-instar
larval to first-day pupal stages, MB Nbs continuously
divide for an extraordinarily long period, more than 200
h from the early embryonic to late pupal stages (Ito and
Hotta, 1992; Prokop and Technau, 1994). Consequently,
the MB Nbs are the only Nbs that produce new neurons
after metamorphic reorganization of the Drosophila brain
has taken place. The differences between the time course
of MB Nb proliferation and that of other Nbs raise the
possibility that a specific genetic mechanism controls the
proliferation of MB Nbs (Ito and Hotta, 1992). For
example, the mushroom body defect (mud) mutant has a
higher number of dividing Nbs in the MB cortex (Prokop
and Technau, 1991, 1994), and MB clones homozygous
for enoki mushroom (enok) present a defect in MB
proliferation. In contrast, enok clones generated in wing
discs do not have this phenotype, although the gene is
expressed in these discs (Scott et al., 2001).
The results presented here indicate that eas is
necessary for MB Nb proliferation, especially at the
end of larval life and at the start of metamorphosis,
developmental times at which the rate of MB Nb division
is maximal (Ito and Hotta, 1992). Altogether, these
results point to a role of Etn or PEtn in controlling
MB Nb cell proliferation. The mechanisms by which
these molecules control the cell cycle remain an open
question, but an intriguing clue comes from the obser-
vation that PEtn strongly inhibits the activities of somedecarboxylases (Gilad and Gilad, 1984). These enzymes
are involved in the synthesis of polyamines, molecules
that have been proposed as regulators of cell division
(Thomas and Thomas, 2001). It will be interesting to see
how mutations in polyamine anabolic pathways interact
with the eas mutation in the control of cell division.
Cells in many human tumors have intracellular concen-
trations of phosphorylcholine and PEtn that are well above
normal levels, and this characteristic is a useful diagnostic
tool (Podo, 1999). The levels of these water-soluble
phospholipid intermediates may also be elevated in actively
proliferating normal tissues (Granata et al., 2000). Increases
in PEtn in dividing cells have been linked to an enhanced
activity of Etn kinase, but it is unclear whether these
phenomena cause or result from proliferation. The present
work suggests that these molecules do indeed play a central
role in the control of cell division.Acknowledgments
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